Blood-feeding insects, as vectors of disease for humans and livestock alike, have garnered significant interest [1, 2] , but our understanding of their early evolution is hindered by the scarcity of available material and the difficulty in distinguishing early hematophages from nonblood-feeding relatives. Here, we report a new family of true bugs including two new genera and species from the Early Cretaceous Yixian Formation in Northeastern China. By utilizing geochemical methods for determining their diets and combining morphological and taphonomic data, we demonstrate that these new species represent the earliest evidence of blood feeding among true bugs, extending the geological record of such lineages by approximately 30 million years. Remarkably, one of the bugs appears to have perished immediately following a blood meal, which may have been from coexisting mammals, birds, or avian-related dinosaurs. These records expand the phylogenetic and ecological diversity of blood-feeding insects in the Early Cretaceous, enriching our knowledge of paleoecological associations in these ancient environments.
Results
An extinct new family, Torirostratidae fam. nov., is described from the Early Cretaceous in China. We combine geochemical, morphological, and taphonomic data to demonstrate that the new species were hematophages, extending the geological record of such lineages by approximately 30 mega-annum (Ma). We found one individual that appears to have died immediately following a blood meal. These new bugs represent the earliest evidence of blood-feeding true bugs and likely played important ecological roles in the Jehol Biota. The new discovery suggests that free-living, blood-feeding insects had already appeared by the Early Cretaceous and may have been diverse. It also provides important clues about the evolutionary history of blood-feeding insects and their environmental changes and community succession. 
Systematic Paleontology

Horizon and Locality
Same as those of T. pilosus.
Diagnosis for Genus and Species
Body length less than 10 mm. Head width greater than length; anteocular portion shorter than postocular; rostrum extending to procoxae; diameter of compound eye about 0.53 as wide as interocular space; ocelli large, interocellar space slightly narrower than diameter of ocellus. Ovipositor extending through last two abdominal segments. Description, Dimensions, and Material See Supplemental Information available online.
Discussion
Blood feeding, or hematophagy, is a relatively uncommon feeding strategy among modern insects [1] . There are four primary orders from which critical hematophages have arisen [2] , namely the Phthiraptera (lice), Siphonaptera (fleas), Diptera (true flies), and Heteroptera (true bugs), with only the latter three having documented records prior to the Cenozoic [3] [4] [5] [6] [7] . Indeed, the evolution of blood feeding has relied heavily on detective work due to the patchy nature of the insect fossil record as it pertains to such lineages [1] , or on molecular methods for elucidating the relationships of clades and timing of diversification events [8] . Unfortunately, paleontological evidence of ectoparasites is minimal, and unless preserved with sufficient fidelity, such as in amber or fine oil shales, much of the fine morphological details of the mouthparts are indiscernible.
Most extant true bugs (Heteroptera) are either entomophagous or phytophagous, but three families (Cimicidae, Reduviidae, and Polyctenidae) contain several blood-feeding species [9] . Indeed, these families include some of the most notorious blood feeders, including the common bed bug (Cimex lectularius) and kissing bugs (Reduviidae: Triatominae), many of which are vectors of Chagas disease throughout South America and southern North America. Up to now, only one species of fossil hematophagous bug, Quasicimex eilapinastes, has been described, from mid-Cretaceous (Albian-Cenomanian, 99-100 Ma) amber from Myanmar [3] . The inference of its blood-feeding habits was based on its phylogenetic position among basal Cimicidae and Polyctenidae, well-documented clades of blood feeders. Even among living species of Heteroptera, it is difficult to determine feeding habits solely from morphological characteristics such as traits of the rostrum, legs, and abdomen. In the absence of direct observation, this reality hinders our understanding of the early evolution of blood-feeding behavior among Heteroptera. Recent work has used biogeochemical methods of ascertaining feeding habits, specifically looking for hemoglobin-related porphyrins or other biomolecular signatures indicative of blood meals in Paleogene Culicidae [10] .
Blood-feeding insects receive a high iron load from their blood meals, and portions of the iron are incorporated into the tissues of the blood feeders [11] [12] [13] [14] [15] . Studies of trace elemental iron (Fe) in extant heteropterans have documented that iron content in blood-feeding bugs is significantly higher than that in phytophagous and predaceous species (Table  S1 ). Accordingly, there may be geochemical signals preserved that document the feeding strategies of ancient insects, either in the form of diagenetic derivatives of macromolecules such as hemoglobin or in the selective concentration of iron.
Herein, we used energy-dispersive X-ray spectroscopy (EDS; see summary in Experimental Procedures) to analyze the geochemical composition of seven true bugs from the Early Cretaceous Yixian Formation in Northeastern China, including three specimens representing the two new genera and species, T. pilosus gen. et sp. nov. and F. acutirostratus gen. et sp. nov., and four specimens of other heteropterans from the same locality and horizon representing the phytophagous families Pachymeridiidae and Venicoridae and the predaceous families Reduviidae and Vetanthocoridae ( Figures S1A, S1C , S1D, and S1F). The EDS data show trace levels of Fe, without any significant difference, among the shale matrices of all seven specimens ( Figures 3B-3I and S2-S4; Tables 1 and S3 ). In contrast, the Fe contents of the insect bodies were significantly higher than those in the surrounding matrix ( Figure 3B ; Tables 1  and S3 (Tables 1 and S3 ). There was no significant difference among those species representing pachymeridiids, reduviids, venicorids, and ventanthocorids. The iron contents of the fossils are consistent with those of modern Heteroptera. The geochemical analysis suggests that the two new species of true bugs had distinctly higher iron concentrations than those of other lineages, suggesting a concentrated source such as from a blood meal.
The open circulatory system of insects [16] means that hemolymph is distributed throughout the body and not concentrated within an individual organ system. Despite this, the iron detected is not evenly distributed throughout the body of the specimen CNU-Het-LB2010044 (T. pilosus gen. et sp. nov.). Instead, the heaviest iron concentrations are in the apex of the first segment of the rostrum and the abdomen (Figure 3C and 3E ; Tables 1 and S3), significantly higher than those found in the antenna, thorax, legs, and elsewhere in the head ( Figures 3D and 3G-3I ; Tables 1 and S3 ). This concentration difference suggests that this true bug might have fed immediately prior to its death.
The blood-feeding habit of these new bugs is consistent with morphological and taphonomic evidence. Based on the collection of 3,627 fossil specimens of terrestrial Heteroptera at Capital Normal University (Beijing), we observed that 93.0% of vetanthocorids (predaceous bugs), 318 out of 342, are preserved with rostra in outstretched positions [17] . But for fossils of phytophagous bugs, 97.7% of specimens (1,768 out of 1,809) have rostra appressed to their bodies [18] [19] [20] : 59 out of 59 primipentatomids, 672 out of 688 pachymeridiids, 309 out of 313 wenicorids, and 728 out of 749 rhopalids. The different postures might be caused by the morphology of the rostra, which is loosely associated with the two different feeding habits. Mouthparts of 11 (38%) of the 29 specimens of Torirostratus gen. nov. are preserved with the rostra in a laterally stretched orientation and one (3.4%) in an anteriorly extended position. For the 368 specimens of Flexicorpus gen. nov., 115 are preserved with the rostra laterally oriented, while 23 (37.5%) are extended anteriorly. Generally, modern phytophagous bugs have a long and relatively slender rostrum, usually appressed to the body at rest, which is straight, with more or less parallel sides and/or uniform thickness, while predaceous or hematophagous bugs usually have stout, curving rostra, tapering from base to apex [21] . The rostra of the two new fossil taxa are stout with the basal segment swollen, the second segment longest and swollen at its base, and the fourth segment acute distally. The structure of the rostra and their preserved orientations suggest that these new species were predaceous or hematophagous. In addition, the large and broad abdomens were apparently weakly sclerotized and perhaps extensible (the boundaries of the abdominal segments for most of these specimens are not clearly preserved), with a broad connexivum and inner laterotergites present. The abdominal morphology of Torirostratus gen. nov. and Flexicorpus gen. nov. suggests that they could have ingested a large volume of liquid, as in many modern blood-feeding insects [22] . These data, when considered in conjunction with the distribution and selective concentrations of trace elemental iron, imply that the two species were hematophages.
Both taxa belong to the Cimicomorpha, and preliminary phylogenetic results place both as closely related and basal among the Reduvioidea (Figures S5 and S6 ; Table S4 ), as evidenced by corium relatively small, almost 1/4 the area of the forewing; veins on corium raised and keel-like, with only three simple, almost straight longitudinal veins; apex of corium fingerlike; clavus clubbed, tapering from base to apex, claval commissure absent, and claval apices not concealed by the scutellum; connexivum completely exposed; and claws flattened, tapering from base to apex. These bugs had a relatively small corium that was not joined with the clavus. This, along with their relatively large body size, suggests that their flying capability was limited, meaning that they may have been vulnerable to detection by their putative hosts. It is possible that these species had biologies analogous to modern kissing bugs, which typically live on the periphery of their host's habitat and venture into them during the night, when the host is resting. The fossil species may have similarly waited until a dormant phase in the host's daily cycle and then crawled on to feed.
In the collection of Capital Normal University, the individual counts of Torirostratus gen. nov. and Flexicorpus gen. nov. are fairly high, 11% of all terrestrial true bugs in the Yixian Formation, well distributed in various localities across the Jehol Biota (see Supplemental Information). All modern terrestrial hematophagous heteropterans are free-living blood feeders that feed only on warm-blooded vertebrates, i.e., mammals and birds [9] . Certainly the Jehol Biota had a diversity of suitable hosts [23] , including mammals, pterosaurs, birds, and avian-related dinosaurs. These bugs might have fed on the coexisting animals as hosts.
Hematophagous habits have evolved independently numerous times among arthropods [24, 25] and at least three times within the true bugs [9, 26, 27] . The new species presented here confirm this scenario ( Figures S5B and S6 ) and represent the earliest evidence of such feeding behavior among the Heteroptera. It is likely that these species, and others like them, played a significant role in the ecology of the Jehol Biota, as evidenced by their relative abundance. It is increasingly clear that ectoparasites from diverse lineages were present in these ancient faunas, and that the use of vertebrate blood as a food source was well established by the Early Cretaceous [4-7, 26, 28] . Although the fossil record of ectoparasites remains sparse in comparison to that of other insect lineages, we are beginning to get glimpses into the diversity of these important groups and insights into their potential role in Mesozoic ecosystems. Blood feeders, as evidenced by Torirostratus, Flexicorpus, and early fleas reported from the same fauna, had diverse modes of interacting with their hosts, and it is interesting to speculate what impact they may have had on the health of individuals, particularly if feeding on immatures, subadults, or the already infirm. The degree to which such species negatively influenced the health of host individuals remains an unexplored, and perhaps impossible to determine, aspect of their ecology. In addition, it remains to be determined how long after the origin of blood feeding did associations with infectious agents evolve among a subset of hematophagous species, thereby enhancing their negative influence on their vertebrate hosts.
Experimental Procedures
All fossil specimens are deposited at the Key Laboratory of Insect Evolution and Environmental Changes, Capital Normal University, Beijing. All extant specimens examined were obtained from the Entomological Museum of China Agricultural University, Beijing. All drawings were made using a camera lucida and binocular microscope. The photographs were taken with a Nikon DMX 1200C and processed with Adobe Photoshop CS2. Reconstructions were prepared with Autodesk Maya 2012 and Adobe Photoshop CS2. Inductively coupled plasma-mass spectrometry (Agilent 7500ce) was used for Fe analysis in extant samples. Geochemical analyses were performed with a Zeiss EVO LS 15 scanning electron microscope, using Bruker Nano XFlash Detector 5010 energy-dispersive spectrometry to examine the elements in the fossils. Standard statistical tests were performed using SPSS 18.0 for Windows. See Supplemental Experimental Procedures for detailed materials and methods. 
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